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Carbonate-containing  hydroxyapatite  (CHA)  particles  were  synthesized  by the  hydrothermal  treatment
of calcium  carbonates  in a phosphate-containing  solution.  Three  types  of calcium  carbonates  were  syn-
thesized: aragonite  particles  with  rough  surfaces,  calcite  particles  with  rough  surfaces  by heat  treatment
of aragonite  particles  with  rough  surfaces,  and  aragonite  particles  with  smooth  surfaces.  The  effects  of
the  calcium  carbonate  crystal  phase  and  morphology  on the  synthesized  CHA  were  investigated  and  mor-
phological  changes  in  the  formed  CHA  particles  were  observed.  The  reaction  rates  varied  depending  on
the calcium  carbonate  crystal  phase  and morphology  and  this  difference  in  reaction  rates  mainly  affected
the  morphology  of the  synthesized  CHA.  On  the  other  hand,  the  carbonate  content  and lattice  constantsydrothermal synthesis
orphology
of  formed  CHA  were  almost  independent  of the  calcium  carbonate  crystal  phase  and  morphology.  This
is because  the  equilibrium  mainly  governed  the composition  of the  synthesized  CHA.  The  characteristics
of  the  starting  material  were  highly  important  factors  in controlling  the  morphology  of the  synthesized
CHA.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Bone is an important organ that supports the body, protects
nternal organs, and stores ions. In order to repair damaged
ones, artiﬁcial materials that are free from pathogen and avail-
ble in unlimited amounts are required. Sintered stoichiometric
ydroxyapatite (HA, Ca10(PO4)6(OH)2) ceramics are widely used as
one-repairing materials because they can bond to natural bone
1–4]. The sintered HA ceramics, however, show low bioresorba-
ility and can hardly be replaced by new bone [5–7]. The ideal
one-repairing material should induce the regeneration of bone
issue and be resorbed permitting the bone formation. As such a
ioresorbable bone-repairing material, carbonate-containing HA
CHA) has received attention because of its higher bioresorbability∗ Corresponding author at: Graduate School of Environmental Studies,
ohoku University, 6-6-20 Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan.
el.: +81 22 795 7375; fax: +81 22 795 7375.
E-mail address: kamitaka@mail.kankyo.tohoku.ac.jp (M.  Kamitakahara).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.05.002
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produccompared to stoichiometric HA [8,9]. There are many reports about
the synthesis of CHA from calcium carbonates by the reaction in the
solutions containing phosphate ions [10–18]. We focused on the
hydrothermal process because the morphology and composition
of the formed HA can be controlled by the starting materials and
synthetic conditions [19–22]. It has been reported that the proper-
ties of HA depend on the exposed crystal faces (i.e. the morphology
of the HA crystal) [23]. The composition and morphology of the
HA ceramics affect their biological behavior in vivo [24,25]. The
mechanical properties of HA ceramics are also affected by the mor-
phology of their constituent particles [26]. Therefore, the control of
the composition and morphology is important for the synthesis of
CHA. Moreover, in the case that calcium carbonate particles were
used not only as the calcium sources but also as the template of the
resultant CHA [12,14,17,18], the control of the CHA formation reac-
tion is important. In the present study, we intended to investigate
the effects of the types of calcium carbonates on the resultant CHA
to obtain the fundamental knowledge for the CHA synthesis.We previously synthesized CHA from calcium carbonate by
hydrothermal treatment and revealed that the character of the
starting material and the synthetic conditions were important fac-
tors to control the morphology and composition of the resultant
tion and hosting by Elsevier B.V. All rights reserved.
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HA [27]. Although we previously reported that the crystal phase
f the starting material, calcium carbonate, affected the morphol-
gy of the formed CHA, its formation mechanism and carbonate
ontent were unknown. In the present study, we prepared different
alcium carbonate particles with different crystal phases and mor-
hologies. Calcite and aragonite were selected as crystal phases of
he starting materials because the solubility of aragonite is higher
han that of calcite [28]. It is speculated that the reactivity of start-
ng materials governed by their crystal phases and morphologies
ffects the formed CHA. These calcium carbonates were hydrother-
ally treated in an aqueous solution containing phosphate ions,
nd the effects of the crystal phase and morphology of the calcium
arbonates on the morphology and compositions of the formed CHA
ere investigated.
. Materials and methods
.1. Synthesis of calcium carbonate particles with different
rystal phases and morphologies
Three types of calcium carbonates were synthesized: aragonite
articles with rough surfaces, calcite particles with rough surfaces
y heat treatment of aragonite particles with rough surfaces, and
ragonite particles with smooth surfaces. The reagents, sodium car-
onate, calcium nitrate tetrahydrate, calcium hydroxide, sodium
ydroxide and diammonium hydrogen phosphate were obtained
rom Wako Pure Chemical Industries, Ltd., Japan.
Aragonite particles with rough surfaces (A R) were synthesized
y a method detailed in a previous study [29]. A 0.10 mol  dm−3
odium carbonate solution of 200 cm3 was kept in a water bath at
0 ◦C and stirred for 30 min. Then, 20 cm3 of a 1.0 mol  dm−3 calcium
itrate solution was preheated to 80 ◦C and added to the sodium
arbonate solution at a rate of 5 cm3 min−1 by a pump. Stirring
ontinued for 1 h after adding the calcium nitrate solution. The pre-
ipitates were collected by ﬁltration, and washed with ethanol. The
ollected product was dried at 90 ◦C for 1 d. This sample was  named
 R.
It has been reported that aragonite transforms to calcite by a
eat treatment [30]. In order to obtain calcite particles (CAL) with
he same morphology as the obtained aragonite particles A R, the
btained A R sample was heated at 500 ◦C for 10 min. This sample
as named CAL.
In order to investigate the effect of the morphology on the
HA formation by comparing A R sample, aragonite particles with
mooth surfaces (A S) were also synthesized by the following
ethod. A 1.5 mol  dm−3 of calcium hydroxide suspension of 50 cm3
as mixed with 50 cm3 of a 2.5 mol  dm−3 sodium hydroxide
olution at 80 ◦C. A 0.50 mol  dm−3 sodium carbonate solution of
50 cm3 was added at a rate of 3 cm3 min−1 by a pump and stirred
or 3 h. The precipitates were collected by ﬁltration, and dried at
0 ◦C for 1 d. This sample was named A S.
.2. Hydrothermal synthesis of carbonate-containing HA from
alcium carbonate particles
An amount of 3.3 mmol  of each starting material (A R, CAL
nd A S) was put into a 50 cm3 Teﬂon® vessel with 20 cm3 of
 0.10 mol  dm−3 diammonium hydrogen phosphate solution. The
essel was tightly sealed in a stainless steel autoclave and then
ut in an oven at 160 ◦C for 24 h for the hydrothermal treatment.
he ﬁnal products were named CHA-A R, CHA-CAL, and CHA-A S,
espectively. In order to examine the temporal changes, a number
f autoclaves were used and taken out at the determined periods.eramic Societies 3 (2015) 287–291
2.3. Characterization of materials
The crystal phases of the samples were examined by X-ray
diffraction (XRD, RINT-2200VL, Rigaku Co., Japan). The internal
standard method using silicon (640d, NIST, USA) was applied for
determination of lattice constants. The diffraction lines between
25◦ and 53◦ were used for the determination of lattice parameters
a and c using the software Jade 6 (Rigaku Co., Japan). The speciﬁc
surface areas of the samples were examined by the N2-BET method
using an Autosorb-iQ ASIQM0000-3 (Quantachrome Instruments,
Florida, USA). The structure of the products was  examined by
Fourier transform infrared spectroscopy (FT-IR, FT/IR-6200, JASCO,
Japan). For the FT-IR measurements, the samples were mixed with
KBr and pressed into pellets before the transmittance method was
applied. The morphology was  observed by scanning electron micro-
scope (SEM, SU8000, Hitachi, Japan) and transmission electron
microscope (TEM, HF-2000, Hitachi, Japan). The carbonate content
was calculated from the carbon content examined by CHNS/O ele-
mental analysis (2400II, Perkin Elmer, USA).
3. Results and discussion
Figs. 1 and 2 show XRD patterns and SEM photographs of the
starting materials, respectively. All the particles showed rod-like
morphology. The crystal phase of samples A R and A S was com-
posed mainly of aragonite with a small amount of calcite. Although
the relatively large peaks of calcite were observed in the A S sam-
ple, the main crystal phase the A S sample was aragonite because
the calcite provides higher intensity in XRD than aragonite. The
crystal phase of the CAL sample was  pure calcite. The CAL sample
has almost same morphology as the A R sample. The A R sample
has a slightly rougher surface whereas the A S sample has a rela-
tively smooth surface. The speciﬁc surface areas measured by BET
method of the CAL, A R and A S samples were almost same and
about 2 m2 g−1. Comparing the CAL and A R samples as well as A R
and A S samples, the effects of crystal phase and morphology can
be discussed, respectively.
The temporal changes in crystal phase and morphology were
examined in order to reveal the mechanism of CHA formation from
different calcium carbonates. The temporal changes in crystal phase
and morphology are shown in Figs. 3 and 4, respectively. The crys-
tal phases of the products after the reaction were only CHA and/or
-tricalcium phosphate (-TCP, Ca3(PO4)2), and the patterns were
shown in the range 2 = 20–40◦ in Fig. 3. Fig. 5 shows TEM pho-
tographs of the samples after the hydrothermal treatment at 160 ◦C
for 24 h.
Comparing the CHA-CAL and CHA-A R products, this difference
might have appeared due to the differences in their crystal phases.
From the SEM photographs of the products treated for 15 min, it can
be seen that the reaction started from the surfaces of the particles
for both the CAL and A R samples. Due to the treatment, how-
ever, the shape of the formed aggregates became different between
the CAL and A R samples. For the product from the CAL sample,
the ﬂake-like nanoparticles were formed on the surfaces of the
starting materials maintaining the original shape (rod-shape) to
form agglomerates, as shown in SEM and TEM photographs. On
the other hand, the original shape of the starting material was
not retained for the product from the A R sample which formed
globular agglomerates composed of ﬂake-like nanoparticles. The
morphologies depend on the crystal growth of CHA. The crystal
growth conditions were changed by the differences in the crys-
tal phase. The XRD patterns of the samples after the 6 h treatment
showed that the transformation to CHA was  almost completed for
A R, unlike CAL in which calcium carbonate remained. These results
indicate that the reaction rate of CAL was slower than that of A R.
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Fig. 1. XRD patterns of starting materials before hydrothermal treatment.
Fig. 2. SEM photographs of starting materials before hydrothermal treatment.
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Fig. 3. XRD patterns of samples before and a
he CHA formation process is speculated to be the dissolution-
recipitation reaction. The calcium and carbonate ions produced by
issolution of calcium carbonates react with phosphate ions near
he surfaces of the calcium carbonate particles. The lower solubil-
ty of calcite might induce a slower reaction from the surface and
etain the original shape in the CHA-CAL product. However, the
hapes of primary particles which construct the CHA-CAL and CHA-
 R products after the treatment for 24 h were ﬂake-like and almost
dentical, as shown in the TEM photographs.
Comparing the CHA-A R and CHA-A S products, the morphology
f the particles is the primary difference. From the SEM pho-
ographs of the products treated for 15 min, precipitates were
bserved on A R, while they were not observed on A S. The low
eactivity of A S might be due to its smooth surface. For the prod-
ct from the A S sample, precipitation of nano-sized particles on
he surface was observed after the 1 h treatment. Comparing theuKα 2) θ / ° (CuKα)
ifferent periods of hydrothermal treatment.
XRD patterns of the products from the A R and A S samples after
the treatment for 1 h, the rate of CHA formation from the A S sam-
ple was  slower than that from the A R sample, and -TCP was
formed only from the A S sample. For the product from the A S
sample, the original shape remained and the shape of the particles,
which construct the aggregates, was different from the A R sample.
Aggregates of uniformly-sized ﬂake-like particles were observed
for the product from the A R sample, while aggregates of rod-like
and whisker-like particles with different sizes were observed for
CHA-A S, as shown in SEM and TEM photographs. It can be seen
from the XRD result of the product from the A S sample after the
treatment for 1 h, multiple crystal phases, i.e. aragonite, calcite and
-TCP were observed. In this situation, the rate of CHA formation
should have been different. When the reaction rates are different,
uniform nucleation and crystal growth of the CHA do not occur. The
crystal phase with low reactivity is used as a supplier of the CHA
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Fig. 4. SEM photographs of products after different periods of hydrothermal treatment.
er hydrothermal treatment at 160 ◦C for 24 h.
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rystal growth at the later stage, and this situation provides the rod-
ike and whisker-like particles with different sizes. The slower CHA
ormation rate might have induced the preferential crystal growth
long the c-axis, along which HA can easily grow to form rod-like
articles.
From these results, we can say that the difference in the reactiv-
ty due to the crystal phase and surface structure should produce
he observed differences in the morphology of the formed CHA.
The carbonate content determined by elemental analysis is
hown in Fig. 6. All the CHA products contained about 7 mass% of
arbonate ions and their carbonate contents were almost same. In
rder to examine the state of carbonate ions in CHA, FT-IR analysis
as conducted. It has been reported that the carbonate ions can
ubstitute both of the OH− and PO43− sites of HA, and the position
f the carbonate ions can be determined by the wave number of
he absorption bands [31,32]. The FT-IR spectra of the products are
hown in Fig. 7. In order to show the state of the carbonate ions in
he products, the FT-IR spectra from 400 to 1600 cm−1 were shown.
he CHA samples showed the absorption bands due to the carbon-
te ions. The existence of the absorption band at 875 cm−1 due to
arbonate ions substituted at PO43− sites and that at 880 cm−1 due
o carbonate ions substituted at OH− sites implied that all the CHAs
ynthesized from different calcium carbonates contained carbonateFig. 6. Carbonate content of products after hydrothermal treatment at 160 ◦C for
24  h.
ions at both of the OH− and PO43− sites. Signiﬁcant differences were
not observed among the spectra of the three CHA products.
These results indicate that the state and content of carbonate
ions in CHA were independent of the starting materials. This is also
supported by the lattice constants of the CHA products determined
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ig. 7. FT-IR spectra of products after hydrothermal treatment at 160 ◦C for 24 h.
y XRD. The lattice constants a and c of all the products CHA-CAL,
HA-A R and CHA-A S were 0.943 nm and 0.690 nm,  respectively,
nd were almost identical. This similarity suggests that the state
nd content of carbonate ions in CHA are almost the same among
he three products because it has been reported that the trend of
he changes in the lattice constants by substitution with carbonates
epends on the substitution sites [33]. These lattice constants were
imilar to those reported by Lee et al. [34] who prepared porous
HA ceramics by hydrothermal treatment of calcium carbonate
n an (NH4)2HPO4 solution and reported the lattice parameters
 = 0.9427 nm and c = 0.6887 nm.
Although the reaction rates to form CHAs and the morpholo-
ies of the formed CHAs were different, the state and content of
arbonate ions in the CHAs were almost identical. The dissolved
alcium carbonate should have reacted with phosphates near the
urface of the calcium carbonate and carbonates were easily incor-
orated by the same manner regardless of the type of calcium
arbonate. Moreover, as the total amount of carbonate and phos-
hate ions was the same in the system, the equilibrium mainly
overned the state and content of carbonate ions in the CHA prod-
cts.
. ConclusionsThe inﬂuence of calcium carbonate properties on the morphol-
gy and composition of CHA has been investigated. The character
f the starting material was a highly important factor to control the
orphology of the synthesized CHA.
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